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Use of Laboratory Tests for Immune
Biomarkers in Environmental Health
Studies Concerned with Exposure to
Indoor Air Pollutants
by Robert F. Vogt, Jr.*

The immune system is likely to be involved in some of the health effects caused by certain indoor air exposures, and im-
mune biomarkers can help determine which exposures and health effects have important immune components. However,
the lack of standardized laboratory tests for most human immune markers and the many confounding variables that can
influence them makes interpretation of results for exposure and disease end points uncertain. This paper presents an over-
view of the immune system and the considerations involved in using tests for immune markers in clinical epidemiology
studies, particularly those concerned with indoor air exposures. Careful study design, well-characterized laboratory
methods, and rigorous documentation ofexposure status are required to determine the predictive value ofsuch tests. Clinical
tests currently available for some immune markers could help identify and characterize both irritative and hypersensitivity
reactions to indoor air pollutants. Newer tests developed in research settings might provide more incisive indicators ofim-
mune status that could help identify exposure, susceptibility, or preclinical disease states, but their methodologies must
be refined and tested in multicenter studies before they can be used reliably in public health applications.

Introduction
The host defense system ofmammals is a complex network of

cells and biochemical mediators responsible for repairing injured
tissue, identifying and removing foreign substances, destroying
or containing infectious agents, and in some cases eradicating
cancer cells. The host defense system includes both innate (or
nonspecific) mechanisms of immunity and acquired (or specific)
mechanisms of immunity. In this review, the term "immune
system" refers to all components ofboth innate and acquired im-
munity, as their components and activities are often intertwined.
Evidence accumulated over the last several years has shown

that indoor air pollution is a major source of exposure to en-

vironmental chemicals (1-4). Environmental pollutants could
potentially lead to adverse health consequences through interac-
tion with the immune system in several different ways. As tox-
icants, they could damage parts ofthe immune system and impair
host defense. As foreign substances (xenobiotics), they could
evoke inappropriate responses or intensify normal responses to
the point that certain immune-mediated functions become
pathological rather than protective. Pbllutants could also have in-
direct effects on the immune system by influencing other organ
systems, particularly the neuroendocrine system.

Alternatively, some pollutants could interact with the immune
system in ways that would not cause adverse health effects, and
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others could fail to influence the immune system in any way at all.
These various possibilities can be addressed only through lon-
gitudinal clinical epidemiology studies that combine rigorous ex-
posure and health assessments with standardized laboratory
measurements ofthe cells and mediators ofthe immune systems,
so-called immune biomarkers. This article presents a brief
review of the use of immune biomarkers in such clinical epi-
demiologic studies, with emphasis on immune physiology and
laboratory methods.

Immune System and Environmental
Antigens
A number ofarticles and textbooks provide excellent descrip-

tions of the immune system (5-7), and only a brief overview will
be given here.

Perhaps the most fundamental characteristic of the immune
system is its ability to recognize and destroy foreign material.
This activity is exemplified by the pulmonary alveolar macro-
phage, a larger mobile cell found in the lung sacs that avidly in-
gests (phagocytizes) foreign material, including bacteria and air
pollutants. The macrophage attempts to digest and process in-
gested material with powerful enzymes in an acid environment.
In the case of bacteria, this response can destroy the infectious
agent and prevent disease. However, if the ingested material is a
particular form of asbestos microfiber, the macrophage itselfcan
be damaged, and lung tissue can be destroyed by the release of
its digestive agents. Thus, the normal function ofthe macrophage
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can prevent or induce disease, depending on the type and dose
of material to which it is exposed.

Cells of the Immune System
Most of the several different types of cells that constitute the

immune system spend at least part of their lifetime in the
peripheral blood, where they make up the white blood cells or
leukocytes. The major types of leukocytes are lymphocytes,
monocytes, and granulocytes.
Lymphocytes (B-cells and T-cells) are the specific recognition

cells ofthe immune system. Each family (clone) oflymphocytes
has unique recognition molecules on its surface, and if lym-
phocytes are activated by recognizing a foreign protein (antigen)
presented by a macrophage (or similar cell), a specific immune
response is initiated. Activated lymphocytes engage in a varie-
ty ofhost defense functions, such as producing antibody (B-cells)
and killing virus-infected cells (T-cells).
Monocytes become macrophages when they emigrate from the

blood. They are distributed throughout many tissues including
the lung, liver, skin, brain, and bone marrow. Their innate ac-

tivities of phagocytosis and digestion are nonspecific, but they
become part ofthe specific immune response when they present
processed fragments of foreign protein to lymphocytes.

Granulocytes are important auxiliary cells with activities that
are critical to host defense and may also contribute to disease pro-
cesses. Neutrophils, like macrophages, are avid phagocytes, but
they are short-lived and less versatile. Mast cells, basophils, and
eosinophils are involved with immunity to larger parasites such
as worms, and they are the primary participants in the allergic
responses to pollens, foods, and other substances. They also ap-
pear to be involved with inflammatory reactions to certain tox-
ic and sensitizing chemical exposures (8-10).

Chemical Mediators of the Immune System
Many of the defense and regulatory functions ofthe immune

system are conducted by chemical mediators released from its
cells. The only antigen-specific mediators are the antibodies
secreted by stimulated B-lymphocytes. Antibodies (also called
immunoglobulins [Ig]) are composed of several major classes
with different functional capacities. IgM and IgG antibodies are
the most general-purpose types; they facilitate phagocytosis, an-

tigen clearance and destruction ofparasites. IgA antibodies are
secreted at the mucous membranes, where they help prevent at-
tachment and invasion by the billions ofbacteria and viruses that
come in contact with these surface tissues. IgE antibodies are
bound to the outer membrane ofmast cells and basophils, where
they serve as the recognition molecules for antigens that cause
allergic reactions like hay fever.

Cytokines are extremely potent chemical messengers that ac-
tivate or suppress the functional and metabolic activities oftarget
cell populations that express the appropriate receptors. About a

dozen immune cytokines called interleukins have been well-
characterized. Interleukin-1 (IL-1) and interleukin-2 (IL-2) play
especially pivotal roles in the overall immune response.
Complement is one of several plasma proteins involved with

host defense. It is actually a cascading system ofdifferent protein
molecules that can be activated by antigen-antibody complexes,
blood-clotting proteins, and other substances. Complement ac-

tivation products have a number ofactivities, including chemo-
taxis, clearance, and destruction of cells.

Several small molecules are important immune mediators.
They include different lipid-derived chemicals (such as pros-
taglandins) that have a wide variety ofeffects on many different
tissues, such as the activation or suppression ofimmune cells and
the dilation or constriction of blood vessels and airways. His-
tamine, which is stored in the granules of mast cells and
basophils, causes dilation and leakage in small blood vessels and
has effects on immune cells and other tissues; it is responsible for
many of the symptoms of allergy.

Several other chemical mediators have influences on cells of
the immune system, although they are not as central to its func-
tion. These include catecholamines (such as adrenalin), endor-
phins, insulin, transferrin, and others.

Antigens, Haptens, and Allergens

An antigen is a substance that sensitizes an animal to evoke a
specific immune response upon subsequent exposure. The
presence ofa specific immune response may be demonstrated by
immunochemical assays that detect antibodies specifically bound
to the antigen, by cellular function assays that show lymphocytes
reacting specifically to the antigen, orby specific hypersensitivi-
ty reactions in tissues exposed to the antigen (e.g., skin tests).

In order for small molecules (including almost all xenobiotic
chemicals) to be antigenic, they must first combine with tissue
proteins, creating a complex that the immune system recognizes
as foreign. The chemical is called a hapten and the protein to
which it is bound is called a carrier. Hapten-carrier complexes
can be formed when reactive chemicals (e.g., isocyanates) form
covalent bonds with tissue proteins orwhen inert chemicals (e.g.,
nickelcompounds)aretightlyboundtoproteinsthroughchelation.
Antigens such as ragweed pollen that evoke immediate hy-

persensitivity responses are frequently called "allergens"
because oftheir association with the clinical symptoms ofallergy.
The factors that make an antigen behave as an allergen depend
on the immune response ofthe individual and (presumably) not
on the chemical nature ofthe antigen itself. Allergens do in fact
generate other immune responses in addition to those associated
with immediate hypersensitivity.

Specificity of Antibodies

A normal "specific" antibody response includes a mixture
of tens, hundreds, or thousands of antibodies with different
specificities. The nature of this mixture depends on the
dynamic response of living cells (B-lymphocytes), and, it
changes as the animal ages and as each immune response
"matures" over time. It also can vary enormously between dif-
ferent individuals. Individual variance in immune reactivity is
especially notable with the limited responses evoked by the
small hapten molecules.
For both technical and biological reasons, assays that measure

only antibody binding do not by themselves establish the pres-
ence of antigen-specific antibodies. Specificity must be
documented by competitive binding assays and, preferably, by
purification (or at least concentration) of the specific antibody,
population.
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Inflammation, Irritation, and Hypersensitivity
Inflammation, characterized by redness, swelling, heat, and

pain, is the tissue response to injury and invasion by foreign
material. It begins as a reaction in the microscopic blood vessels,
which enlarge and open their walls allowing cells and mediators
to escape from the blood and enter the tissue. An inflammatory
response may be evoked by simple skin injury such as a scratch,
without any antigen stimulating a specific immune response.
These simple inflammatory responses are often called irritant
reactions. However, ifa previously encountered antigen enters
the tissue, the inflammatory response may be greatly accelerated
by specific lymphocytes or antibodies, and an immune-mediated
hypersensitivity reaction will occur. Inflammation due to hy-
persensitivity reactions may be immediate (as in allergies), acute
(as in serum sickness), or delayed (as in tuberculosis or beryl-
lium lung disease).
Most inflamed tissue contains a mixture of irritative reactions

and hypersensitivity responses in their various phases. The
distinctions may be difficult to discern, especially in the mucosal
tissues where inflammation is chronic (see below). In addition,
irritant responses may augment hypersensitivity reactions
through nonspecific "adjuvant effects such as those attributed
to air pollutants including diesel fly ash (11), ozone (12), and
sulfur dioxide (13). Both types of response may contribute to
symptoms ofdisease, but hypersensitivity responses, because of
their greater magnitude, are more likely to result in significant
tissue damage.

Immune Function at the Surface Tissues
of the Body
Because most tissue injuries and potential sites ofinvasion by

parasites occur along the surface tissues ofthe organism, immune
function is especially well developed in these areas (14,15). The
two types ofsurface tissues are the skin and themucosa, the latter
found in the resriratory, gastrointestinal, and genitourinary sys-
tems. Both the skin and themucosa contain specialized cells and
tissues that promote host defense. Mucosal surfaces inparticular
are characterized by specialized "goblet" cells that secrete mu-
cous, and they arechronically inhabitedbyimmunecells respond-
ing to the constantbarrageofenvironmental irritants and antigens.

Disorders of the Immune System
Threegeneraltyesofdisorders oftheimmune systemmay have

adversehealticonsequences: immunedeficiencies, inappropriate
immune reactivities, and unregulated immune proliferation.
Immune deficiency disorders, in which the immune system

fails to mount adequate protective responses against infection or
certain forms ofcancer, may be caused by several different types
of immunosuppressive agents. Depending on the nature of the
deficiency, the health consequences can range from almost
undetectable (such as increases in the incidence of mild infec-
tions) to life-threatening (such as overwhelming sepsis). High ex-

posures to solvent vapors such as benzene and trinitrotoluene
may cause aplastic anemia, which is immunosuppressive since
the bone marrow precursors for all tpes ofblood cells, including
leukocytes, are destryed. In addition, benzene may have selec-
tive suppressive effects on lymphocytes (16).

Immune reactive disorders are those in which immune activity
damages host tissues due to inappropriate or poorly regulated
responses. Again, depending on their cause and nature, such
disorders can be very mild or very severe. Common allergies are
caused by inappropriate immediate hypersensitivity responses
that release histamine and lipid-derived mediators. These aller-
gic reactions are often directed against airborne antigens and may
contribute to the pathogenesis ofasthma. Autoimmune diseases
are debilitating immune reactive disorders in which the immune
system reacts against its own tissues. Autoimmune reactions can
damage the skin, liver, kidneys, various glands, joints and other
tissues, leading to diseases such as rheumatoid artritis, systemic
lupus erythematosis, and some types of diabetes. Antibodies
associated with autoimmune reactions react with self-proteins in
particular tissues or cell components. Exposure to vinyl chloride,
a volatile toxicant and carcinogen, can cause a severe autoim-
munelike illness in humans (17).
hnmune proliferative disorders involve the unregulated growth

ofone family among the immune cells, leading to leukemia, lym-
phoma, and similar cancers ofthe immune tissue. Exposure to
high concentrations ofbenzene vapors greatly increases the risk
of developing certain leukemias in humans (16).

Nervous System, Stress, and Conditioning of
the Immune Response

The overall immune response is influenced by many systemic
factors, including the nervous system, both indirectly (through
neuroendocrine influences) and direcdy. Direct interactions be-
tween the nervous system and the immune system appear to be
especially important in the mucosal surfaces, where nerve cells
and mast cells may communicate constantly (18). One conse-
quence ofthese interactions is that stress is an important modu-
lator ofimmune function and one ofthe most difficult variables
to evaluate.
Recent studies in experimental animals have shown that

changes in immune status and function can be elicited by a neural
stimulus towhich the animals havebeenpreviously conditioned.
Both suppressive and reactive changes have been observed to
conditioning stimuli such as taste, odor, and audiovisual cues
(19,20). Therefore, under some circumstances, the perception
of exposure may trigger the same mechanisms that actual ex-
posure triggers, causing the appearance ofan immune reaction
(such as allergy) in a conditioned animal without any actual ex-
posure to antigenic material.

Laboratory Assessment of the
Immune System
During the last two decades, remarkable advances in tech-

nology and in our understanding of the chemical and cellular
constituents ofthe immune system have allowed the development
ofmany assays that evaluate different aspects ofimmune status
or function, collectively referred to as immune biomarkers.
Historically, immune biomarkers have been extremely useful in
detectng exposure to infectious organisms, in characterizing the
defects that cause immune deficiencies, and in delineating the
pathogenesis ofimmune-mediated diseases. In these situations,
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laboratory tests can be applied to targeted populations, often
associated with clinical illness, with some evidence of the im-
mune systemasaprimaryparticipant inthe pathologic processes.
The use of immune biomarkers in environmental health

studies to establish (or attempt to rule out) the potential for long-
term health effects due to toxicant exposures is an entirely differ-
ent application. A major difficulty underlying the use of lab-
oratory tests in such studies is the decline in positive predictive
value when the prevalence of exposure or disease is low. Addi-
tional problems arise with immune biomarkers because oftheir
wide range ofnormal variability, the influence ofmany confoun-
ding factors including neuroendocrine effects, and, most fun-
damentally, from the dearth of standardized, well-characterized
laboratory methods. Finally, the lack ofprecise exposure meas-
urements is a major impediment toward documenting any rela-
tionshipbetween toxicants, biomarkerchanges, andhealth effects.

General Principles for Using Immune Biomarker
Assays

Although the proper use of tests for immune biomarkers may
be helpful in environmental health studies, their improper use
can create confusion and undermine public health efforts. To ad-
dress these concerns, the Centers for Disease Control (CDC) and
the Agency for Toxic Substances and Disease Registry (ATSDR)
convened a subcommittee on biomarkers oforgan damage and
dysfunction to develop proposed guidelines for the use of
biomarker tests in health assessment studies conducted at Super-
fund sites. The following points are adapted from their final
report (21 ).

1. The public health goal ofusing tests for biomarkers is to be
able to inform a population that the results do or do not sug-
gest the possibility of increased morbidity or mortality
caused by toxicant exposure. Therefore, test results should
be interpretable in the context of health effects and ex-
posures. Toward this goal, normative data obtained from
standardized laboratory methods are essential in assessing
the sensitivity and specificity ofa test for health or exposure
end points. Exposure end points should be documented by
measured levels of toxicants whenever possible.

2. When tests with unknown sensitivity and specificity are used
in health surveillance studies, they should be evaluated un-
der investigative protocols in populations with known ex-
posure ordisease endpoints andcompared to tests having the
best-characterized sensitivity and specificity for those end
points. Before a test is considered to have completed the in-
vestigative phases, thebiochemical or physical abnormali-
ty associatedwiththebiomarker shouldbe identifled, andthe
nature ofany disease associations should be determined.

3. Tests for biomarkers should be organized into categories
that allow the most cost-effective public health implemen-
tation. For the immune system, the subcommittee identified
three such categories: a basic panel as a general evaluation
of immune status, focused/reflex tests that address par-
ticular aspects ofimmune function, and research tests that
require evaluation in defined populations before general use
in either ofthe first two categories. Tests in both the basic
panel group and the focused/reflex group must have clinical
interpretations for disease endoints when values lie outside

established reference ranges. Tests from the basic panel
should be included when there is no clear indication ofpar-
ticular health effects or well-defined exposures. Tests from
the focused/reflex panel are suggested by particular clinical
symptoms, prior laboratory findings, or specific exposures;
they may be used individually or to augment the basic
panel. Research tests should be used under the auspices of
an investigative protocol, as discussed above.

Issues in Laboratory Methodology for Immune
Biomarkers
The CDC/ATSDR subcommittee identified the lack of stan-

dardized laboratory methods as the most critical area requiring
further research and development for the proper use ofimmune
biomarkers in public health studies. Most immunochemical and
immunobiological measurements, especially those evaluating
cellular parameters, are considerably more complex than sim-
pler biochemical measurements such as enzyme activities.
Moreover, different methods for measuring a particular analyte
can give entirely different results. Even assays that have been
quite informative under controlled experimental conditions in
research settings may not prove useful in public health studies.
For both scientific and pragmatic reasons, any laboratory

method must be evaluated and implemented successfully in
multiple laboratories before it can be useful in public health in-
vestigations. Scientifically, the hallmark ofa true laboratory fin-
ding is its reproducibility, and no laboratory result can be con-
sidered factual until it is independently replicated. Pragmatically,
public health evaluations often require multisite longitudinal
studies in which assays are conducted at different laboratories
and at different times. Therefore, any laboratory assay used for
public health evaluations, no matter how simple or esoteric,
should be continually monitored for its scientific validity through
comparisons within and between laboratories.

Applying Immune Biomarkers to
Indoor Air Exposure Studies
Beyond the issues of methodology and predictive value, the

main considerations for selecting immune marker tests must be
the expected types ofexposures from indoor pollutants and their
potential effects on human health (Table 1). An overview ofthe
major types of tests that might be helpful follows.

Antibodies to Environmental Material

Allergic reactions mediated by antibodies to environmental an-
tigens from microbes, molds, mites, plants, fabric fibers, insects,
and mammals may be contributors to many of the symptoms
associated with indoor air exposure (22-25). The total serum IgE
antibody level may help discriminate exposed or susceptible
("atopic") populations, but the total level does not have good
predictive value on an individual basis (26). Tests for antigen-
specific IgE antibodies (skin testing or in vitro assays) have bet-
ter predictive value than total IgE for allergic reactions against
many inhaled antigens, but sensitization may be found in normals
as well as symptomatic patients (W. K. Dolen and P. B. Williams,
unpublished data).
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Table 1. Some examples of indoor air pollutants that cause health effects
related to the immune system.

Effect related to immune system Examples of causative indoor air pollutants
Inflammation caused by irritant Respirable particles (smoke dust); volatile
and adjuvant reactions or gaseous chemicals (formaldehyde,

nitrogen dioxide, solvents)
Inflammation caused by Biologically derived antigens (bacteria,

hypersensitivity reactions molds, plants, mites, insects, pests, pets,
livestock, humans); industrial chemicals
(beryllium, isocyanates, others in oc-
cupational settings)

Autoimmune reactions Vinyl chloride (occupational settings)
Immune suppression Benzene, trinitrotoluene (occupational

settings)
Neoplastic proliferation Benzene (occupational settings)
Conditioned neuroendocrine Dimethylsulfide, trimethylamine

effects on immune function (demonstrated only in animal models;
may be elicited by other cues)

Detecting antibodies to environmental chemicals is more com-
plicated, partly because of the specificity considerations dis-
cussed earlier and partly because of technical problems in
developing laboratory assays. In occupational settings, human
antibodies have been detected against anhydrides (27) and iso-
cyanates (28), both reactive chemicals that couple to proteins.
Human antibodies to formaldehyde-treated proteins have also
been reported (29,30), but only in a few cases has their specifici-
ty been documented by appropriate inhibition assays, and such
assays have not demonstrated specific antibodies in any airborne
exposures to formaldehyde (29).

Auto-Antibodies

As discussed above, the immune system may react against its
own tissues and produce "auto-antibodies." The pathological
significance ofauto-antibodies depends on their concentration,
specificity, avidity, and effector functions. High concentrations
(titers) of auto-antibodies are often indicative of active disease
processes, whereas low titers (as measured by immunofluo-
rescence microscopy) are generally not associated with obvious
clinical end points. Some low-titer auto-antibodies may reflect
increased tissue clearance rather than an uncontrolled immune
response, and as such they might be useful biologic markers for
inflammatory damage caused by irritant responses to airborne
chemicals. However, virtually none of the assays for auto-anti-
bodies are sufficiently standardized to measure weak reactions
reliably, and reports of low-titer auto-antibodies associated with
certain airborne exposures (30) require independent verification.

Other Humoral Mediators

The serum proteins involved with inflammatory responses
(such as complement) may provide some indication of irritative
or immune reactions to air pollutants. For instance, one report
found that a small but consistent shift toward higher concentra-
tions ofa complement protein was associated with the extent of
outdoor air pollution (31). The predictive value of this difference
was quite low, but the report was well documented. and the assay
method was sound. The finding emphasizes both the reality of
air pollution effects and the myriad ofconfounding variables that
can influence immune markers.

Other mediators discussed above (e.g., prostaglandins) may
be useful as markers of inflammatory or immune processes.
Tests for most ofthese mediators should be considered only for
research protocols, as their assays are often poorly standardiz-
ed and their clinical meaning generally unclear.

Nripheral Blood Cells

In humans, the vast majority of analysis for cellular markers
is performed on peripheral blood white cells (leukocytes), almost
all ofwhich are in an inactive "resting" state. Other cells that are
more indicative ofcurrent immune activity (such as those from
the spleen and lymph nodes) are simply not available in most
human studies. Despite this limitation, analysis of peripheral
blood leukocytes can provide important information about im-
mune status.
Complete blood counts (CBCs) give the most basic data about

the distribution of peripheral leukocytes. CBCs performed for
environmental health studies should include a five-part differen-
tial to measure all major types of leukocytes, including
eosinophils and basophils (many ofthe automated blood counters
do not distinguish the latter two types from neutrophils). All of
these measurements are well-standardized ifconducted in accord
with good clinical laboratory practice, with the possible excep-
tion ofbasophil and eosinophil counts (32). The range ofresults
for these cellular parameters in reference populations is very
broad (population confidence values of 20-80%) (33), and dif-
ferences within the "normal range" are not associated with ob-
vious or long-term health effects. However, values well outside
the "normal ranges" are very likely to be associated with active
disease processes that involve the immune system.
Immune cells (lymphocytes in particular) can be characterized

more completely by identifying their surface receptors (or im-
munophenotype), which reveals information about their lineage
and activation state. The method of choice for these tests is im-
munofluorescence flow cytometry (FC) (34). Until recently,
these measurements were not well standardized, but in the past
3 years considerable effort has been made to increase the relia-
bility of many assay methods (35,36). Because some meth-
odologies are still quite variable and do not give comparable
results, the assays used in clinical epidemiology studies must be
clearly described for findings to have any real value [for good ex-
amples, see Shopp et al. (37), and Edwards et al. (38)]. Efforts
toward uniform calibration (39) and multicenter laboratory
evaluations (40) could increase the amount of biological infor-
mation obtained by FC, much of which is now discarded.
Whether any of this information will be useful in assessing the
effects of indoor air exposures on the immune system (such as
unregulated proliferation) remains an open question requiring
thorough epidemiologic and laboratory investigation; previous
reports of "immune dysregulation" caused by airborne ex-
posures (41) are not documented well enough to substantiate
their conclusions.

Functional assays ofimmune cells from peripheral blood could
in theory provide the most useful information about immune
status because they test the ability of resting cells in actually
responding to a stimulus. However, these assays are very difficult
to standardize and require diligent quality control for reliabili-
ty even within a laboratory (37). A variety ofdifferent stimuli and
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functional response parameters can be evaluated; all must be
considered research tests with uncertain predictive value for ex-
posure or health endpoints.

Mucosal Tissue Infiltration by Immune Cells
The most promising approach to cellular assessment for in-

door air exposures may lie in examining immune cells from ac-
cessible mucosal surfaces such as nasal scrapings. Broncho-
alveolar lavage can also provide a source ofrespiratory mucosal
immune cells, but it is an unpleasant procedure and would not
detect the modest cell infiltration caused by many irritant
responses. Nasal challenge and characterization ofthe human in
situ nasal mucosal response to airborne exposures is a critical
research needs which is just now being addressed. Early results
suggest that local inflammatory reactions are important factors
in airborne exposures to toxicants (42,43).

Summary
The proper use of tests for immune biomarkers in health

assessment studies could help identify effects of indoor air pol-
lutants on the immune system and the risk ofconsequent health
effects, but only if the studies are carefully designed to account
for confounding factors and if the laboratory methods are
rigorously standardized. At this time, tests for inflammatory and
allergic mediators are the most likely to give interpretable infor-
mation about exposures and effects. However, tests characteriz-
ing the cellular responses, particularly local tissue responses to
airborne pollutants, will be essential for a complete approach to
health assessment and exposure effects.
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